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By Martin Schrenk 



I . PROBLEM 



In a previous report of this periodical (reference l) 
tile writer developed a general curve for the "power re- 
quired for level flight," which is invariant against 
changes in airplane dimensions. It was felt that a sim- 
ilar general curve for the "effec>tive thrust horsepower";* 
was needed, which then would encompass the' complete flight 
pierformance conditions, 

Starting with the increase in r.poin,, a "mean thrust 
horsepower" curve is developed from propeller test. data , 
and engine power curves, after which this curve is then 
tr ought into relationship with the curv-e- of the "power re- 
quired for level flight" hy examination of throttle flight 
'conditions 0 The singular "mutual relationship is "manifest 
from the "behavior of the r.p.m, -This arrangement* inciden- 
tally reveals a surprisingly simple relationship "between 
the airplane- d'imehsions priiaarily involved- with, thd pro-'"- 
poller efficiency* The effect of al titudo". :bf- 'f light is 
accounted for "by scale correction. 

This "general power balance" of th6 • atr'pl'ano'i whicii. 
embraces, "besides the already known quantities, only one 
new one, the "excess power factor," then affords; the .de- 
sired comprehensive survey. The profound effect of the 
excess power "becomes evident, rate of climb, maximum speed 
angle of climb and ceiling can be expressed in the excess 
power figure, and the revolution speeds in climb by any 
engine power law as well as other processes, not visible 
otherwise, can be examined readily. Ext'ensioh' to * include 
adjustable blade propellers presents no difficulties. 



* "Ueber das Zusammenwirkeri vbii Flugwerk und 'Ti^iebwerk. " 
From Zeitschrift fur Plugtechnik und Hotorluf t schif f ahrt , 
December 14, 1931, pp.. 595-702; and December 28, 1931, 
pp/ 721-727. 
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II* . HOTAIXOK 

In connection with the previously cited report (ref- . 
erence l) , the following syrn'ools' are used: 

Ai r p 1 a n e s t rue tur e : 

G gross weight, 

. . r induced... span (i,e« » sx^ equivalent inononlane 

: with elliptic" lift distribution) , -'^ " 

* equivalent' ^flat plate-^af^a-- (W/q) chiefly^' 

Iyts total .equivalent flat-plate area (connected with' 

the dynamic pressure, hence the profile drag also) ; 
to be assumed constant' by parabolic polar and suit- 
able choice of . bi 

P ower Plan t; 

M engine power, - * * ;>"..• 

r\ efficiency of propeller in airplane (with respect' to 

.V.-.' .gliding flight polar with like'' 0^) , " • V . 

NT| • -thrust horsepower (utilized by propeller -for propul- 
sion of plane), • " • 

In:-- revolutions } '^^^^^^ Propeller.' shaft , . . . 

Propeller : 

u tip- speed, * — 

D aiameter, 

. propeller disk: slrea -^II^X 

..c.o.ef f icient of advance {.^ r^, . 

V ^/ 

kg - .\effec.tive. thrust /■ = ' ^ — -^\.. • 



kfl effective torque ( = — : r^i 

V p/2 Ps 
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Ce loading coefficient 5 - -^^ — : — : — VV ' 

^ V p/2 Fg \2 / 

Ci performance coef f i.cien.t- Yf' — ; — - -~V 

^ V p/2 Fg 

c/i power coefficient (- — ^ -g- = r-i-X 

^ \ p/2 rr X^y- ■ 

Tiq effective interference f == ' — — l:--.^ , 

... V ..'Hfree^ 

Comp l ete a i rplane ; 

a "excess power f ac to!r , ' i • e , , the r^tio of excess 
power (N'n)-besf '^'''^Ve" * Ng-^-,*.?^ • the pbwer " re- 
quired for level flight. 



13^ 
^ws 



f; 



ws 



ratio of driving, areas**, 



ratio of interference areas , i.e., .ratio of exposed 



■^ws interfering equivalent flat-plate area F^g to to- 
'tal' equivalent • flat-plate area F^g^*** . * : " 

Flight pet'f brmances ; 



y. 


. path, yel.ocity, 




p' 


■ air density, 




w 


dynamic pressure. 
rate of climb , 






sinking speed, 






.. power ' required f or 
"..Us ■= Nsc f (v),*** , 


level' flight., 


H 


altitude of flight, 





* See section IV. ***Soe reference 1-. 

** See section V. 
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Hg ceiling .(theoret.i<?;41.) , 

maxiinum ..al.t.i Wde. up to- w^^^ lev:el .-f light .with . 
best l/d ..rat:ic is possible.* 

S ubscriT)t s ; , . ;: 

0 sea level . 

€ attitude at best ... l/D ratio (V^ , Hs^), 

best "best" operating attitude of prop.eller .and engine,** 

V 'critical alt it lid e (i.^e,., that altitude up .to which 
the corapre-sspr "is., ahle' to' supply tiae engine with 
' air at ground-l'eVel jpressure). 



III, ■ RBVOLUTIOHS-PEE-MIirJTE PICE-UP 

:1. Character, of , Engine. Power Curve 

In general',*- the burve of the thrust" hbr sepower Ht] 
is calculated by disregarding the increase in r.p.m,, as. 
if the engine operated always with constant r.p#nit and -* 
power In all flight attitudes. In this case, obviously, 
one single statement relative to these two quantities,^ 
suffices. But in order to follow up the effect of the va- 
riations in r.;p.m» the interdependence between engine power 
and r,p«m, must be known. 

Being a purely empirical relation, one attempts to 
express it by an appropriate simple mathematical approx- 
imation, that is, by power formulas. 

The logarithmic plot (fig, l) represents the full 
load brake curves for a number of German aircraft engines. 
They show totally different character. The tangents 
drawn with 1:1 and 1:2 slope, correspond to parabolas 
of the first and second order. Where the 1:1 tangent 
touches the curve, we. have 



*See section VI • 
**See* section IV. 
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. . K '^-.-n, orv ==;j.QX)n;staiit ♦ (la) 

but:-, .where 1:3 . slope -tangeints touch,, we have 



The pri^ncipal runnijag. conditions o.f all engines are 
within amhit of these two equations. ^From the point of 
view of engine technique., it.,'ls n'o^t ewbrthy that radial enr 
gines operate "by almost constant torque, whereas the pri- 
mary operating range of the S and 12 cylinder-in-line en- 
gines 'is hy marked,ly decreasing tWrquee**' ^-or- the purposes 
of the present report, it amply suffices to use •the two • 
formulas - (la) and (it) - selectivel-y- as basi Sg -'^ -TM^^ 
so ensures the inclusion of the intermediate parts of the 
engine_poy/er, .curves with suf f ici ent accuracy.* * 

2. Equation of r.p.m, Pick-Up 

The starting point is* the law of' diraensi-ons for pro- 
pellers: 

''■'■'''-•■/'*" H - fed 1)^ ' : ■ . * • ■ (2). ' 

So long ks and n aire- considered constant, -so- 

long tile effective torque must 'remain ''const ant- also.' 

But this is not at 'all' the case in reality." In the illus- 
tration (fig. 2) generally • evinces a slight in- " - ' 
crease at start", then in "the range of normal ■ flight 3;tti- 
tud'e,' drops slowly at 'first, then' rabidly,*** Thus', if 'the 
power delivered l)y the engine "did reidain' const ant '"in. spite 
of the bhanged r«Pom. (engine operates at • raaxitnuii JJc>wer) i- 
equation (5) -would afford * • " ' 

^ ■ ■ ■ " n ~ ka-^/^ ■ • . (3c) 



*Apparentl;y the filling in radial engines is essentially 
"better as a. result of the -uniform and short- intake dis- 
tances* Vibrations in the exhaust pipes may also te in- 
volved. Some- radial Engines us.e induction chambers , as 
the "Hornet," for instance-. 

♦♦Jor." exact, calculation, the .exponent.- in- .(lb) . can be va- 
ried, as ne^ded, 

* **The" ' amount of .. the ri se i s-. un.cei* t-ain because the wind- , 
•tunnel- data" on propeller s.. in the proximity of zero coef- 
ficient of advance" are no longer reliable. The propeller 
then acts (in tunnels with return passage) as blower and 
falsifies the results, (See reference 2,) 
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As a matter of fact the engine power 'increases trith 
,the r«p»mt, hence, the propeller - will speed up more than 
(3c) indicates. The measure of the increase is found by 
writing, (la) , and (Ih) for the course of =^f(n) into 
the fundamental propeller equation (2) as • 

■ ... 1 / 3 

n ~ k^" • (for 11 ^ n) (3a) 

and n ~ kd^.^^^*^ (for IT - n^^®) (3h) 

Consequently, the revolutions... change within the prac- 
tical operating.' limi t as the 2d to th.e::2«5 r.oot. of the • 
effective torque, k^* 

• ly* THE GENEHAL USEFUL POWER (OF PHOPELLER) CURVE 

1, The "Best" Operating Attitude 

In the preceding report (reference l) the curve of 
the ^"power required for level flight" was.. made invariant 
against dimensional changes, ."by the. selection of .a prede-r 
terbined point of operation (that for best l/d ratio) as 
refe-r^hce p<)lnt and hasing. the. whole curve ictp'on it. A 
similar method Is used for the propeller performance . 
curved, for nb. insuperable obstacles intervene to find a 
suitable reference point. But it appears' a hopeless case 
of deriving. the course of the Hr) .curve in a rational. ' 
way, perhaps by resorting to a satisfactory approximation 
such as the parabolic polar portrays for the "power re- 
quired in level flight," It lies in the character of the 
complicated processes on the propeller: the theory admits 
of a certain operating attitude with satisfactory aJ)pro'x-r 
imation and -even gives the medium for the dursory pursu-r^ 
ance of other oi)erating attitudes, but it .is impossible 
to deduce therefrom a simple! law for the behavior of the 
efficiency throughout the different attitudes; 

Fortunately, there Is one 'helping circumstance which 
already has quietly and unobservedly repaired untold er- 
rors and inaccuracies of propeller designers, namely, the 
e.qualizing effect of the flow on the propeller, which 
strives toward the particular best attitude and largely 
diminishes the effect of shape discrepancies on the effi- 
ciency. 
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Logically^ the reference point is a point excellent 
in its importance for -the operation •■•o^^ Un- 
fortunately, the point here -is ' not-" quite •.'a:s ' wel defined 
as on the airplane^ structure. -Ohe/^mlg^^ fii^St thougli4v 

think of the point" of maximum^ efficiencyi (Hefefehce '3.) 
But a study of *a serif's of efficiency curves of 'systemat- 
ically varying propellers' (fig. 3) reveals forthwith that 
the maximum value -of the effi'ciency -of -the single propel- 
-ler does in no way. imply the maximum 'efficiency which can 
he obtaihed'at this point. This lies, rather, on the en- 
veloping curve, and it is'-hatural ' to select -that point 
Where the individual curve touches the enveloping curve as 
•ref^erence point, I7e shall refer to it as ""best" operat-^V 
ing point. * But propeller" efficiencies- can equally weli * 
"be plotted •against parameters other than'- the coefficient - 
of advance. Whichever one chooses depends upon the pur- 
poses in view. ' We have f our " Inter dependent * quanti ties 
engine power (thrust S, respectively), revolution n, 

diameter D,* and f lying' speed:, v. v*''6ii;e ; of these ' cin* re- 
main free as dependent variable ; it 'i s more expedient to 
use V as independent, whereas \the remaining- two must he 
selected. Per illustration given 11 and'n" (as is cus- 
tomary), the propeller values are plotted against the 
• "geometrical high speed," or powder coefficient*** 



kd _. 2 IT 0) 
^ \^ P rr v^ " 



respectively, against the reciprocal value of "the 5th root 
of "this figure,, that is, ■X/'^d,^^*^ (as Americans lately 
prefer to express it). (Reference 4.) (Example, fig. 4.) 
There is an enveloping curve here also; on- which the rel- 
evant "best propeller is to "be found,, although the points 
ox contact of the individual curves "are not the same op- 
erating attitudes as- In Figure . * . • 

♦The term "best" not . being without., a certain arbitrari- 
ness, we use -the quotation. marksp 

**Air density P is disregarded fbr.thei' time being. 
***The author sugge.sts the term "Drehgrad" in place of the. 
cumbersome 'feeometrical high speed,." based upon . 
• ' * • 'k/q " ' • - -.■*.. 

Gi performsmce coefficient, 

• . \ . V . 

. . ■ k- . • • . . 

'Cg = ^ == loading coefficient 

homogeneous units. 
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One must therefore decide on one definite method of 
plotting "based upon the actual running conditions. The 
choide- falls upon representation against the coefficient 
* djf advance being th^ simplest and at .the same time 

aonfbtming to- the actual running conditions. It signifies 
that- -r.p^m, and diameter . correctly selected and the • 
desired power ahsor;^tion i^. o.htained only by changing the 
sWapeJ' This variation i s ;Wa;dily ' accompli s^^ in the mod- 
ern adjustable-blade metal* propellers by minor changes in 
pitch setting. As a resuitther^ can also base the 

subsisquent' conslder*ati;ons'\ipon the ctfnvent.i' o.nal propeller 
series, in which pitch is varied while retaining the blade 
dimensions, • (See -Reference 5, whe.re the principal oper-^ 
ating attitudes' are* defined by means of r\ = area.) 

2. Mean Efficiency and Effective Propeller Torque; ;Curves 

After 'this explanation in the preceding se.ctipn, 
there remains the selecti-on of the propellers Mp on which 
to apply -the re^su'rts. lib twith standing much more recent 
reports-, the most -reliable data on wood propellers apjpe'ar 
to" be" those by Dur'ahd- anci' Lesl'ey'. (reference 6)'; at any ' 
rate , they- 'afford the* best "select;;! on. Our" choice is a se- 
ries of small«-blade propel! ers' with SULitable" contour (se- 
ries S3,, Fa, Aj^.,., P^, f ig. 5) , and specifically those 
having higher pitch rates . .h/D: 

' Propeller 7 3 82 113 

H/D. . = 0.7- 0.9 . 1.1. 1.3' 

The ' h/d ratios lower' than that are' discarded because of 
their . poor 'efficiency The airplane designer.;, an.d the en- 
gine designer must work, in cooperation to the end tliat . the 
propeller shaft r.p. in. permit the use of the propit.i.ous 
propellers of higher pitch. 

, :y -IJow the. reference, points for the reduction, of the ' 
test values are revealed in .Figure * 3 as points of contact^ 
of the . individual curves with the . enveloping, curve, the 
'*b.§st ^.|^ operating.'poi.nt.s., . The corresponding values carry 
the subscript, "best./"' Jhe. tt).. and k^^..' . value s reduced at 
these points'are given iii Figures' 6 and'?. The more im- 
portant T) curve ; and . the plp.t ted;. extrapolation points ap- 
pear to be In close accord, whereas the agreement for the 
k^ curve is less satisfactory. There is. a discrepancy, 
but of minor import an ce ;* because "k^^' is' merely used to 
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f ollov7 up the r.'p.m.. and .appe8,r s, -t^liere- in. -the ;0.., 4 tlx and 
.0.5th' pbrer., respectively. .•; (Sq^iat.ion'^-. .( 3a); ■ and (3 b).)* 

3. Mean Propeller Performance Ctir/ve& and "ean i:..p..m. Cp.rv.es 

How the respect ive. mean Nrj and n cnrve is readily 
compxited from the mean T| and • -fe^ • -val.ues .•• .With (3a) 
and (3h), xie have: . ; — ' ' 

-;l/3 

p •• ^^d > • • ■ : 



For n <f n: 



"Hhest 



=^d \iesf 



V = n \ . ^ 

.'^hest ^hest ^hest -[' 



(4a) 



n 



(N-nHest- ■ '^hest "Hhest j. 



For N 



1/2. ° .(L_Id_^JN. 
J^Tbest "^d IjesV 



-1/3' S 



_ n 



H ri = ^ n , 



est 

1/2 



(l<'n)hest. 's^best / 'Hh 



est 



(4 b) 



The values computed herefrom, are plotted in Figure 8. 
The full lines represent N .'^.n which is primarily im- 

portant. Moreover., we added the case n -'constant, in 
correspondence with the simple calculation without r.p^m. 
pick-vip. Conspiculously, this curve evinces pract ically 



no variation f rora .. that . for N n "below.- v 



"best 



thus 



apparently fully jus t if y ing. th'e oust pmary omis s ion of 
r.p.m. pick-up in climhing calculations .* .Ahoye^ "^"best' 
proximity - of the maximum speed., the mat t-er , pe.comes , ■■ of 
course, another question, . and. we will find that here the 
role of" the r.p.m. pick-up has hecome of primary -impor- 
tance . - 



♦Extrapolation with another propeller 
yielded" pract ically the same ' 



series. (reference 7) 



^ ically the same result... However-, these pro- 
pellers are, in part, markedly inferior at maximum, .eff. a-, 
ciency, for undiscernihle reasons. 



o 
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Eef. erring to the .r;.p,m-.- curves,,, w.e fi.nd that the pick- 
up, keeps within- moderate limits . (±5 to .7 per cent) in the 
practically important range (v/voQgt = ^•'^ *o 1«2), hut 
increases rapidly at. higher speed, • - : . 



V. 'COMBIUED PEEEOBMANCE CURVES ;■■ COLIPLE-TE 
PERFORMANCE DIAGRAI;! . 

1. Throttle Flight, Throttle Parabolas 

The mutual effe6t''of propeller and airplane "body "be- 
comes apparent - for the present without mutual defini- 
tion -. "by an examination, of the throttle flight. Figure 
9 shows an arbitrary curve of "power required for level 
flight" and an identical one for "propeller performance"; 
the latter to represent also the full-load curve. The 
question is: How. is it possible to derive arbitrary 
throttle curves herefrom? 

The law of similitude supplies here al,so - a simple 
answer. We can plot . curves of equal coefficient of'ad- 
vance. For K = constant, equation (2) yields II n ' 
since . then remains constant ■ al so , and 

. • K - v3 • . (5) 

since \ ?• =. const ant . . 

n - .... 

Points of equal coefficient of advance thus lie on*'* 
parabolas of the .3d order. Throttle curves of the propel- 
ler performance may forthwith be dreLwn on these throttle 
parabolas ' by plot'ting the fractions of the respective full 
performance (with like coefficient of. advance) correspond- 
ing to the throttle setting. 

"This applies, strictly speaking, to the simple calcu- 
lation without r*p.m. pick-up. Sut it would still be val- 
id with r.p.m. pick-up if the throttle perforniance cy.rves 
of the. par ticular engine likewise were similar with re- 
spect to the . n parabolas. -Unfortunately, not anuch 
can be said about this because of an almost complete lack 
of information on throttle performance data.* On the other 



".♦Scattered experiments indicate that problems - in carburetor 
flow and vibrations in intake and exhaust pipes are in- 
volved. 
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hand.,, the. r.p.m^ pick-up ...in., the primary opera.ting. range, 
exerts "but a minor eff ect ^on-" theVprppel.ler. pj3rf orman 
curve,, accarding to. * seq.ti.dii IV. S(^' the error induced "by 
a slight, change .in character" of the engine pow'i^r curve* - 
may. he disregarded. . _ " 

2. .The r..p*m.' Pick-Up. Defines Position 

of "BQst" Operating Pgint • 

With the aid of this '^throttle parahola" the relation 
between propeller pe,rformanc« and ppwe.r required for level 
flight has now been established,. There remains the selec- 
tion of .the location of the ."best." operating point,.. ... 

At first sight .there ri.se.'.s .'the ol.d' question; ,propel-.* 
ler. for "climbing,." for "/spaptf*;" .or a .cpiprorais.e.?.' .Happi'r 
ly .the decis-ionj is. made-, easier; .by another . :Stipuliatl.!an 
bound up wiijh the r-. p. •p," .pick-up, namely, the .propeller.'.'.' 
must no.t pick up sp m:an.y. .revolutions, in Level f.l'i'ght. "tha-t" 
the engine exceeds its 'maximum permissible r.oP.*jno.,. or . ' 
else maximum, speed would, become impos.sible without-, damage 
to t.he engine. On the other hand,, the'^engine is .to be' 
utilize^ to. its fullest, extent. 

We consider the "best" operating attitude as the. norr 
mal load attitude of. the engine. With a suitable propel.-, 
ler., its rop.m, at full throttle are those determined by . 
type test. As a rule, this r«.p.'m, is not its permissible 
maximum, although it v.ery nearly approaches it, Hatur-^ 
ally., the conditions differ for each case, particularly 
on account of contingent critical r,pom^ But in general, 
it may be stated that a pick-up of more than 5-10 per cent 
is n.ot permitted as a .rule,* 

This assumption establishes an inferior limit for the 
"best" operating attitude. Now, inasmuch as this approaches 
yxnax quite closely, it at the same •time .-farms- the* siiperior 
limit; for* in view of the general airpiane characteristics 
our aim lies in the best possible compromise .between cllnb 
and speed performance. The combination of r,.p,m, curve., 
(fig. 8) and throttle diagram (fig.' 9) reveal's that the 



*lf more is' allowed the engine i s considered as not being 
put to full use. Even the 5 tb 10 per cdnt -are -permitted' 
only t'eiapbrarily. " ' 

That far our parabolic approximation for the engine power 
curve is sufficiently accurato# 
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above boundary of t.be rj,p,m. pick-up suggests a location 
of "best" operating point iri the neighlipraQdd ' of ''the ^ • 
throttle parabola, whiqh passes V^rpugh V . In' order to 
make matters. clear, (and in'yiew of/ddyantages discussed in 
succeeding sections) we now definitiBljr plabe* the . "best " 
operating point of the propeller performance ctirve on the 
throttle parabola through , the "best" throttle par- 
abola. In this manner we obtain th6 Coifiplete performance 
diagram (fig, 10) with an unambiguous relationship between 
both performances.* 

.3, Exces.s. Power , Excess: Factor 

Thi s • di agram (f ig. 10) i'^ of universal applicability-. 
It contains only one new parameter, the "excess^ factor"-* 
a> which, i s. defined herewith: 3y excess/power, we usual- 
ly mean the - difference between ' tjxe e.^xc^^ssiye' and the min- 
imum -povrer , requi.r.ed. But this definition" is inaccurate 
for. it. f,ails. to state that the. available power is a func- 
tion of ' the flying speed. With the* throttle parabola, a 
bett.er definition is assured. ' On the. latter 'we knew the 
.coeff ici.en't. of advance and thiB ' ef f .ective 'po'wer of the pro- 
peller are constant," which stmpllfies" matters considera- 
bly', and above" all, makes fheci. legible., . In; our case the 
throttle parabola is convenient for the "best" operating 
attitude, on which, the .power at full throttle formed, as 
we know, the starting point of our whole voyrer, Val'cula- 
tion .from the e^ngine side'. Obviously, the power require- 
ment by best l/D is. not the lowest possi-bTe,- but a glance 
at. .Figure 10 reveals imme'diately that the gain -still ob- 
tainable above that amounts to no more than 2 to =4 per 
cent, . so that we may safely .overlook it.** 

So we define the "excess factor" a as the ratio of 
the excess power available in the "best" operating atti-i 



♦Here the r;-p*m. pick-up amounts to -from 5 to 9 per cent 
at maximum 'speed,, depending. on the excess power.- 

it just came to my notice that II. Bo Hdlmbold has like- 
wise-worked (since .1927) with the assumption that the best 
L/D*of the airplane "body and the principal propeller ef- 
ficiency are coordinated to the flight at .ceiling level 
and .th.e ..attitude of endurance . flighJ/ C to it. 

**'The slight est bump orminor control errors are just as 
costly, so that the "exact" calculation is..reall.y no more 
than self-delusion. ... . .... 
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tude of ;.th6 .prdpelior' to 



tfiaif- required >y" the . test l/D: 



(X = 1 (6) 

: ■ : ^s^.: y... : ^. . . • ■ 

•This definition,, valid for any altitude of flight, 
was^used for plotting;..tlie -power curv^es in- Figure 10» 

4« Efficiency and Airplane Dimensions 

^e. still, lack one link in .our chain: . the al? solute. ■ 
value of the ?power required for level-flight" . K-s^ is- • 
defined hy the dimensions of the airplane "body, that of 
the propeller peri orinance "by engine power N-^Qst and ef-* 
ficiency 'Hbest* latter is again a ...complicated math- 

ematical experimental function with speed v occupying 
the star role* As a result we would oe forced to carry 
through a complete power calculation with 8.b solute values 
in order to determine the propeller performance, which 
is the very thing we want to aTb.id. 

However, our assumption, which couples the "best" 
.operating at l-.i tude. of the propeller .to- the attitude by 
best l/D,*. presents a solutiona : - ■ 

The coat'xicient . of advance as .well as the efficiency 
is con.stant along the throttle parabola; hence the knowl- 
edge of the efficiency in level flight by best l/d suf- 
fices' for *the '^best"- operating attit-ude/ and a r>^!i nt:-. on- 
ship i s r eadily .-^^tabli.shed*. with the .airplane d"^. jien:a:.ons , 
containing only ^^.f.ometrical 'qustntities but neither • speed 
of flight lior engine power. 

The transition is completed by means of the loading 
coefficient 



' p/2 v-Ps'V K^J ' ' . . 

where Pg = propeller disk area- ^.-^^D.^ . ' The- loading coef- 
ficient-gives a theoretical upper limit for the efficien- 
cy .of the nontwisted Jet. The practical limit *is a.'cer- 



,*As .prov.e.d by the au^thor in rJAily , - 1929»'. in '.an unpublished 
report. 
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t ain .,di stjaxice away from it^- which under ordinary condi-- 
tidiii^, experiences ahout 11-12 per cent additional loss- 
es through twist, finite hlade. number and profile drag. 
This practical limit is illustrated in. Figure 11.* 

For level flight "by "best L/D, the corresponding 
airplane drag, then is: 

' ' . . ' y 1/2 * . 

W^' = STlg = 1.13 G (8) 

Herein r|g is the "effective interference";** it em- 

"braces al.i jet aff ects on .the airplsoie and vice /versa 
(see elsewhere)'. Th© corresponding flight speed is 

These -two quantities , inserte'd for-' "cg /in (7.)' yield: 

^s€ = i test (10a) 

Thi'g "expression is exceedingly informative. ;■ It shows 
that the loading coefficient and the efficiency of the 
free rotating propeller defined therefrom is, in "best" 
operating attitude, neither dependent upon the power nor • 
the flight speed,, hut almost exclusively on the "driving 

area ratio" ?r^ 'J *** Tl^e greater =~ f the higher the 

, . -^ws, . -^ws 

attainable best efficiency. This gives us some veryfun- 
damental knowledge for the design of airplanes: When, 
"total equivalent flat-plate area" and propeller disk area 
are known, . it already- has set- a superior limit for the 
efficiency which cannot be exceeded! 



*Madelung's figures from reference 8, extrapolated from 
C], to Cg, 

♦♦Otherwise called "jet efficiency," which, however, lead 
to confusion with "axial, efficiency" (Hof f ^ s"' sugge stion . ) ' 
Helmbold (see f ootno t e i page 15) calls,.it "installation ; :. 
efficiency." *. , v • : *'■/ 

***So named because the surfaces combined into this ratio., 
are responsible for the advance (^3) and retardation. (?ws)- 
It supersedes Madelung' s (Luf tf ahrtf orschuiig, Yol. II,. ..irQ.. 
5) "disk area ratio," which presupposes the err oneoiis ' as- * 
sumption of constant structural drag coefficient. $ee 
Holmbold (reference ?•) 
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• But thie ef-fective .interference-; Tig.. i,s .likewise un- 
der the influence of the "driving, area ratio,'!, as readily 
proved by means of the well-known elementary approximate 
derivation for rjg. Herein it is assumed that the axial 
incremental velocity' i s* evenly graded over the propeller 
disk area, and specifically, over three-fourths of the 
disk-.arpa.* • Then, according, to the elementary jet.theo- 
ry , . the. ratio ibf dynamic pre^s.sur.e in. .the jet to. the in- 
cremental velo.clty, w' . ia, 



+ 1 



If parts of the airplane with the effective "inter- 
fering eqxiivalent flat-plate " area" Y^q are exposed to 
the jet, their additional drag will amo.unt to 

-^.-^s (as - q)-= | •• 

This yields the (apparent) deer ease in efficiency of 
the free '.rotating propeller as "interference.. .efficiency" 
or "effective interference": "* ' ' ' . * 



Cons .e.q.ue;n t l.y , . Tj g is dep e n d e n t- • o nl y up o n 



— . This ratio can also be expressed in the 

s . ;l ■ ... ?g 

area .rati b'^' r^, " by 'writing: 



the ratio 
driving 



ws 



ws ■ -^ws •'^ S 

^s' ?ws ' ■ ^WS 



^ ! .... . . . . _ ... 

125;*, the' "ratio of interference areas," reveals what. part 

^yiB , . . . ^. . . 

of the total e qui vale.h.t flat-plate area is struck by the. 



*This assumption originated with Madelung '(Luf tf ahrtf or sch- 
ung,. .Vol, II, Ko, 5).. and has proved, useful . According to 
more re.c.ent. .Eri-gli-sh re'searcli'e * Tig- is frequently less 
even than assumed here-,, . Ebert (Flight Tests for Heading 
Alirplane Polar s ,* .ot.c • , t6*l>0 published* in a future D.V.L. 
report) arrives at a simliar* conclusion. Sec Helmbold' 
(reference 10) . 
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jet; with the .conv-entionat tractor type propellers it 
ranges petween I'/S and 3/4, How (11a) "becomes 

^ * w s / w 



wher.efrom the; intimate relationship between "ratio of 
driving areas*?- and "effective interference" Decomes man- 
ifest. Now the "interference area ratio" can "be discard- 
ed from (10a) so that .the loading efficiency in the "pest" 
operating attitude becomes: 

- 2 > . 

^s best ^ ^ 7"T»~ 

■ ,/ F-ws . 3. • 

Since the = — ratio is always greater than 3 in 

•^WS'. 

comparatively good • airplanes, it predominates in (lOb) 
also and so defines substantially, as already stated, the 
.attainable best efficiency. 

5. Enlargement to Variable Altitude of Flight 

The result of the discussions up to now is a simple 
set of curves, on which, on a general curve of "power re- 
quired for level flight," which is independent of the air- 
plane dimensions, a group of propeller performance curves 
with parameter a was plotted against the excess power- 
factor. (Pig. 10.) 

This representation with variables ^ and is 

*^s€ 

valid for any flight altitude because P . does not appear 
in the derivation^. Thus, our object would have been 
reached but for one thing; The amount of the reference 
quantities varies with the altitude, so that at each alti- 
tude the axes correspond to other absolute values (rela- 
tive to the critical values)* As a result of which, ev- 
ery perception for the altitude effect is l.os.t, aside from 
the fact that the computation has to be repeated for ee.ch 
altitude stage. 

To remedy'this we .simply det ermine . the reference 
quantities Ve and Use for one certain, altitude, say, . 
at sea level, in all flight altitudes. - Then v/v^^ and 
^^^soc would.be o?i . the . axes , but by ' doing so the simplic- 
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it3r.of Figure 10 vrould te destroyed; in place, of the. one 
curve for the power required for level flight, we would 
have a T7hole group with altitude o.f flight as parameter 
and the propeller performance curv-es would "become alto- 
gether ohscured. For" this reason we quickly make this 
step retrogressive again "by multiplying the variables 
with the inversion factor of. tjx.eir corresponding, altitude 
function, naaely, (p/P^)^ .^. ♦ Thp; onlV change * occurs on 
the ax9S , where, we. wrjt(3.: 

— ( — ^. .and • — r — r-. f-r- u 
. .^o€ ^Po^' . I^soeAPo/.. ■ 

The throttle parabolas themselves retain their 
ity, as becomes readily appai^ent. Because for . X = 
stazit : 

K P v^ . . 

or .. . N P^.^^ - (v..|>>/^) . • (12) 

This equation postulates,- in fact, that the points of 
equal coefficient of advance in our diagram are still on 
parabolas of the "Sd order. • ■ ' 

However, in order- to fbregc' the extrapolation of the. 
axes for the different altitudes and to bring- out the 
processes for varying altitude of flight, .the multiplica- 
tion with (P/Pq) ^ can be avoided by plotting the scales 
ca^lculated with (P/P^)^^^ for suitable altitude stages. 
(Fig, 12.) For easi er reading of thesp- scales , we pre- 
ferred the harp-like r eprosonta.ti ;}n. By appropriate seleC' 
tion of the distaixces the conne.cting lines can become 
straight lines, which makes the tracing very simple. 

Now the. sense of . this . la.s:t discus.sipn is simply this: 
It pertains to a transformation of the whole exhibit into 
snot.hef scale defined by the. air density, This transfor- 
mation extends the validity of tho one system of curves 
to any air density wherein, ' however , the effect of the * 
flight, altitude is. readily ascertained- by the changed 
scale • . 

'However J we feel that an., example would aid consider- 
ably in grasping .thi s metjiod qx representati on. 

An airplane withl.ho^mal . engine , /whose power drops- . 
somewhat quicker with altitude than the air density, has 



valid- 
con- 
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at groxind level, the . exce ss^ f extor 
: . ' - . ao -= '^^^^^ 1. 

: • • . . ■ -^soc . , • ■ 

. . ../In. climl)ing X say, by constant . l/d 

( £/.f« .Cj^j^p.) the* ^peb.d and the power requirement of. the 
a.irplane body increases at the rate conformably to the re- 
spective altitudeo First, we compute the engine power in 
accordance with the . given. altitude performance equation.* 
Since, however, the curve', of the "power required for lev- 
el-flight" becomes independent of the height, because of 
our transformation, the engine power dependent on Ngoe 
musV;agai>i- be' reduced, th is,' by (P/Pq)'^'^^ . This is 
accomplished without calculation, simp'.'.y by transfer to. 
the 'ordinate scale for the corresponding height. This, of 
cotirse, is preceded by the multiplication of the altitude- 
p.erf orme.nce of the engine with TTbest* TfiTith this value 

we then set up the power ratio -JlLli^SAll and use the cor- 

responding scale . in .Figure .10, where a pa'rallel line 
through the abscissa at the intersection with the "best" 
throttle parabola yields the excess factor a for the 
corresponding altitude^ Uow all flight attitudes in this 
height . ca,n . be followed up on the respective scales along 
curve a = constant. 



• '71. APPLICAT'IOiTS 

It The Excess Power Factor Governs -All Flight Performances 

The practical aeronautical engineer is well aware of 
the significance of the excess power on the performance of 
the airplane. But this' is the very first .instance ■ that • 
formulas revealing this preeminent effect in actual- fig- 
ures ha.ve been set up. 

The foundation is the general performance ,diagram 
(fig, 10 or 12) , from which the respective rates of climb 
w/wg^ as function of the respective path velocity v/v^. 
with pa.rameter a, the excess factor, are taken and plot- 
ted in Figure 13. The 'first' apparent result is the in- 
crease in 'pa^th velocity "for* fa-stest climb with the excess 
power. Even between a = 1 and a =2, it already lies in 



*For 'explanation, see section "71 ,4, .page. 24.'; 
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the. yXci.n;ity. of ;th!e./.test gli^ c.cn- 
firms ^ur .me.'t^^od VqX . "m^^ calculations', f or "best 

*L /D in s t e ad ' of the* . t i; t ud e * ;.o f . mi.ni muin p.o w e r ..r o.qui red. . 
Another fact is that it "'Is less "sensible to fly at abnor- 
mally large angles of a,ttack for the purpose of rapid 
climb, the greater the iBXc.e.ss power i s at which the flight 
is made. For very steep climb It. :i s a. .different matter. 
There it calls for pu.shi^g vthe elevator' up to the utmost* 
in order to command the best value. (But herein also lies 
the da.nger-.of. .this .a-tti t^^de when 'star.ting .in restricted 
places]) ' * ' ......... . . 

• Now the .lindividuai- ■■pe^^ .■.cajn..:be-...f qund . in Fig- 

ure 13 as. .function.- of t.he •.e;Xc_©-;SS -factor' .and the.. re spec- . 
tive basic value;,; " '..::'^\'- 

The best rate of climb (fig* 14) follows the excess 
factor in an almost str aight -liney and : can be expressed 
in the sinking speed by the approximation formula: 

• ■ Vnia^^^^^^'^vS- a w.g^ . ..(13;>. 

The best angle.- of- .climb (fig* 15) is .similarly ..ex- 
pressed by the best angle '^oJ' glide : 

• 9max. O-S^; ^ :-^.min ' . • ; • :.; ^^^^'^ 

The maximum level flight - (fig, IS) passes parabola- 
like over .a-. A prac-tical and. very exact, -mathematical ■ 
approximation .is .. J-.; • '.v 

^max ^ ((^ . 5 cco • 6 + 1) ve ■ • \. . (15) 

The resp.ectiv©. fundamental value.s by best. Isl-J^r: 
^m^n^ y(^^ ^r:^'^^ '^sc-^ -'.are readily taken. from the ' namogr.aph. 
(Fig. 18. y.** 

- . • Lastly, the ceiling is -a pure. -function of the excess 
power, and may be computed '.along the- lines laid down by 

♦ The. .me.asure depends ...on ,,.Cg^^ " : .c^^ ... The ..cpur se ' of .\he 

polar, above ,-. c.g^^ .feeing, unc^irtain the- curve s . bqlow .y^.:. : 

are shown as dotted .-lin-es-. - 

**For .ext'dnsion -of plot , '^see -=ref 1.*, -Figure -■•6 
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tlie writer in an earlier report. (Reference 11*) , There 
(equation (24))* we * e stalJli shed a -relation .for the* ceiling 
by -means of approximation, formulas in power .series 'f; or 'en- 
gine power and air density with altitude: 

wv, . V • 

Hg = 11 log • (16a) 

. • , " so min 

* r|> ........ 

The numerator Wj^^ ^ denotes the vertical speed of 

•a'scent' at groiind le.vel. .with, the, efficiency of the ceiling, 
or-,' in -other words, our "h.e.st". vertical speed of ascent,** 
The quotient in (i6a) now simply is a fuiictioh of the e'X*^ 
cess power, and according to our definition this equation 
n-ow "becomes: " 

. He - ll log (a + i) ' /' ; • v' (16) 

Two remarks are in- order here* First, the '^ceiling 
at "best L/D," • is not the "theoretical" ceiling 

althoush the practic.a:l .discrepancy _ is slight , (Reference 
1.) A general rule ig to figure with 100 meters loss in 
.altitude for every 2 per cent, loss of power, 

Now, according to section V, at speeds "below v^ 
with our propGllors, no more- than 2-*4 per cent power can. 
be attained, thus the difference between Hg and H^ • 
amounts to no more than 100^200 meters* So* H^ comes 
closer to the practical ceiling than Hg, and hecofnes 
about equivalent in aer odynami cally- poor airplanes (wg^ ' 
and Cniin great) , 

Besides, formula (16)" is built upon a parabolic ap- 
proximation for the engine power (decrease in rpp.m, in'- 
elusive) 



No/ ' M 



0/ 



This is very convenient for the calculation, but 
does not satisfy the physical processes, as is readily ap- 
preciated, because the effective performance here does not 

*lTumerical factor 10.9 was* later corrected to 11»0* 
**That is, the one to be found on the "best*? throttle par- 
abola# 
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disappear until P = 0, which is impossible on account 
of the friction.* 'The drop in performance- is at first as- 
sumed too unfavorable, and at higher altitude, too favor- 
able.* 

The old Adler.shof formula conforms better to actjaal 
condi ti ons : ■ . . . 

; 1^0 . Tim- \Po * ) 

Even this rectilinear law is valid only so long as 
the correct carburetion control is assured, (which is un- 
derstood in a modern engi-ne),** Besides this^.drop in per- 
formance, there is -yet another due to the drop in. r..p«.m:# , . . 
which with fail' approximation can be expressed" by a minor 
impairment of ri^^ in (I7b) As far as it i s- po s sible to 
conclude from the scarcity of data available.*, -we may just- 
ly figure with t\q^ = 0.80 (in. 17b) as satisfactory avor-- 
age.*** So . a and . were defined according to .thi-s. 
law and likewise included in Figure 17. . Both curves, meet 
at 8 km altitude; below are discrepancies, up to 0.5 km, in 
favor of the rectilinear law. ... - 

. 2. Excess Fact<Br*.and Engine Saying • 

The efforts to increase safety in'flight and to main- 
tain flight schedules,, and in view of the still unsatis- 
factory operating safety of airplane engines at full throt- 
tle, have, within the past few years led more and more to 
the; opinion that prono.unced throttling is imperative. . . 
(Reference 13.) In conformity with the prevalent idea, 
this interprets as throttling, 50 to 60 per cent full power 
in cruising flight. And so the question arises, just liow 
much the airplane loses hereby wi.th respect to its maximum 
speed. 



♦Compare Figure 3 of reference 11, 
**Unpubli shed tests of the D..V.L. in 1925, on a BMv7-IV 
engine, conformed to this sLssumption. 'According to * an eval- 
uation of the writer, the rectilinear law is passably cor- 
rect,: that is, with rim = 0.83 at n = 1500 r.p.m, at from 
0 to 6 k:m altitude. The loss due to drop in the r.p.m. is 
to be a4.ded to. this. 

■***ji?he . discussion, of course, applies only to engines with- 
out altitude 'equipment (supercharging, etc.) . 



2*2 
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:Di spegarding the induced -drag, the 3d T^oo-t 6f -tho oil-^ 
•gine power yields a superior* limit for- the drop 'in speed, 
which, translated for 50 per cent throttle, corresponds ■ " 
to about 0.80 ^j^q^x* P®^ cent throttle, to- 

about 0*85 Vj^a^x- Now, the smaller the excess power, the 
greater the increase in induced drag effect, which adinit.--. 
tedly increases as the reciprocal value of the dynaiaic 
pressure. Examining these conditions in the lij'^^ht of 
Figure 12 or 16, we obtain Figure 19, from which we can 
predict to what extent the cruising speed by varying ex- 
cess power, lags, behind the theoretical limit, , . 

Airplanes which, greatly throttled, a^re to maintain. . 
satisfactory cruising speed, must have great excess power.. 
For' instance, when comparing two otherwise identical air- 
planes, of different span, it may well happen that the. ouq. 
with" smaller span has the greater speed because of its 
lower profile drag, whereas, in cruising with identical , 
throttle setting the one. having the' latger span may be 
faster because of its. greater excess a. 

•3,.D3rop in r. p.m. During Climb (Unsupercharg'ed) 

In the discussi.on on the ceiling in a preceding sec- 
tion, we a,nticipated a result which concerns the effect 
of. the drop in r,p.m. on the engine power during climb, 
and which is now examined in detail. ' • 

As before, we revert to the law of dimensions (equa- 
tion (2)), and consider first the most elementary case': 
enginfe power unaffected by r.p.m.. and Is^^ = constant. 

• Then (2)- yields.: 

or . n-.flY''^* • '(ISc) 
.... s^W / 

'Accordingly, the drop, in r .p.m.- is- f orthv/ith amen a- " 
ble to solution, with tho cited customary simplifications. 

Since - ^ = constant, when il P (indicant ed power), the^ 

drop is. merely contingent upon the relative amount at 
which the effective power lags behind j;he indicated power, 
..that is, of. rim according to alti tude .power ^ (Formula- 
(17b).) :. 
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This simple, "but special interdependence can now be. 
araplified and supplemented:,' To begin .^with, ' Ic^ '= con- 
stant* no longer, holds,, because during climb the speed 
and the r •p.m. vary according to dif f er.ent . laws . But if' 
we retain the same tlir 6 ttio . parabola during climb, then- 
X = constant,, hence, k^j. = .const ant also. Obviously, 
this applies to the conditions on the "best" throttle par- 
abola, the .st,arting point 'of 'our power calculation, • 

Conformably to (la) and (lb), the engine power drops 
with the 1st and 0o5th power of the r.p,m. Consequently, 
the drop in r,p..rao exceeds that of (I9a).., Now we obtain 
the henceforth valid functions from (18) by division with 
n . and n.^'^, respectively, thus reestablishing constan- 
cy at the left side:\ 



(191)) 

With these formulas the drop in r.p,m« with altitude 
can be defined for any altitude, power law,* For example, 
we* apply the law (i7b)» and the conventional . value of 
'Hm 0o85. The results* are shown. in lFigure 20, The in- 
fluence of the altitude is. greater Jbhah. the effect of. dif- 
ferent r .Pom. dependency of the engine . power-. 

To combine (19) with (r7b) now would clothe the de- 
crease in power in quite, cumbersome, formulas, and so we 
at t empt e d" *t 0 expi-ess thi s power decrease ' including the de- 
crease in the r.pcm, by the rectilinear law. The altitud.e 
power curve computed with = 0,85 was reduced propor- 

tional to n and no-s, respectively, and plotted in 
Figure 20. In fact, the obtained curves are straights, 
with very close ..approximation; Plrolongatioh to the - ab- 

♦The law. of decrease used in N.AeC.A, Technical Memorandum 
No. -456 (ref.ererice 11) and . extrapolated- from American test 
flights 

•n ^ P°'^^ • (there equation (21)) 

is subtracted here. It was ' 

.N - Pi'^^ • (ther^ :equation (19)) 
Co?isequently, S ~ po-2 8 ^nd n p9/>*, ; respectively,- • 
~ P^"^^, hence in close accord with P'^-^^*- 



n ^ 

. VP/ 



(for N. ^ n) 



n ^. ^fY^'*^ (for N no.-s) 
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sci.ssa axis yields the corresponding apparent efficiency 
'Hm r P,»83 and OaSO.* 

li:. was tacitly assumed hereby, that the engine power, 
curve's remain similar with respect to the rep.m. during 
altitude changes, that is, that the power maximum lies 
consistently at the same rop^m,, for example. . The few 
data** available on this" phase of the subject appear to 
justify this assumption, at least for altitude up to 5-*6 . 
kilometers., . ' . . 

4# The rgp.m, in an Altitudo^ Sngino 

Elementary formulas no^ longer hold for supercharged 
engines with arbi-rary altitude power course. It is true 
that, after a has been predetermined, the reqtiisite 
"best" r»perno is readily ascertained by the aid of the 
"best" throttle parabola (^best ~ constant): 

y ,*** 

•^bost = "Ho best ^2°^ 
• . . ^0 best- 

But the . calculation of a presents the real obsta- ■ 
cle, for without knowing the r,p,m«', the engine power at 
the respective altitude cannot be determined from the as-s* 
sumedly given power curve; and the r«p#m. is found only 
through a... Trial is the only remedy here,, but after a 
little practice, results are quickly obtainable. 

However, one. special and quite frequentljr occurring 
case yields to direct treatment: that is, the climb with • 
consta.nt torque. This is the case when the supercharger - 
supplies constant pressure up to "critical altitude" and 



*This much more unfavorable is well borne out in . 

practice. From this point of view, engines with markedly 
decreasing torqiie in the principal opera.ting attitude are 
preferable, because of their inferior decrease in r.p.ra* 
and power with altitude. This reflection leads to engine' 
with medium power to pi st on di splacement ratio. 

**5'or example: the previously mentioned D^Y.L. tests or 
the construction data on the ?iat engines A 20, A 22, A 25 
(450, 650 and 1000 hp water-cooled 12-cylinder engines) . 
***T?ith a suitable formula the r.p.m, in throttle flight 
can likewise be followed up. 
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when its pow.eT absarp't i:o:n .:i:s; :appr-o^^^ like t-he -excess 

engine power duriixg 'climlD.,?f^ f:s:D:^^^ effective full 

engine power remaiins f.air^ly- c;Qii:Sta^ " ...^ ...... 

■'■•••For climb with, .q constant g,nd .fixed , blade propel- 
I-e7r,,-we- have, in- this .'.case " .• f *' • 

X '= constant . * 

K.oreover, it follows from . q = canstant (v/v^ = constant), 
accordrng to Figure. 10, that 

a = . constant . 

Consequently, .with \'= constant, 

" ' **n ~ Y\r^ (f^^^[ ' ; 

These formulas are applicable** in first approxima- 
tion up to a critical altitude of at least 10 km to most 
supercharged engines, and materially higher than that even 
when driven by exhaust gas turbine. 

Beginning with the critical altitude the calculation 
can proceed as with the unsuper charged engine, at least, 
so, long- aS' there are no further details known about it, 

5. Verification of Power Data *** 

The deductions heretofore were primarily intended 
for predicting flight performance s » But the relations 
upon which Figures 14-17 and formulas (13) to (15) are 
based can also be used to check the "effective" aerodynam- 
ic quantities bji^ . and F^g . as well as. the . propeller ef- 
ficiency T) from flown performances, 

A salient feature is that one climb and one level 
-flight suffice for computing b^ and F^g, * whereas the 
knowledge. of the engine power is no t . noces sary ♦ . This was 



♦Engine power increases through pressure difference be- 
tween' intake and' exhaust ' side ; e.g.', see reference 13, 

** Addit i onal. power and blowei" power ^ requireme.'ii'.t remain 
about .equally ■ balanced up to this altitude # 
***In this section I had H. 'B, Hel'mboldi* s data and sugges- 
.tions placed at my disposal. 
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made possible, ^7 the introduction of the excess factor a 
'as a'pxire f.Hincti of the ceiling. (Pig, 17.t) With a 
the sinking speed ^nd the path velocity "by "best l/d can 
be derived. from Figures 14 and 16. in terms of rate of 
climb and .maximum speed. The quotient of both is the best 
l/d.' The nomograph (fig. 18) then yields by the agency, of 
G, v^^ , and c^in values for bj^ and F^g in one 

^ reading* 

As .to. the commensurate accuracy of the data^ .the fol- 
lowing shotild be noted: qua.ntity which is decisive 
when predictin'g 'the climbing performance, must be proof 
against inaccuracies in a recheck, whereas Iyts '''ith its 
minor effect on the climbing performances, is rather very 
much dependent upon the critical values and assumptions, / 
It may be likeued to a gear whi ch . speeds, up in one direc- 
tion and slows down in the other. 
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^0€ 
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^min 
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0.83 
0.80 


2.0 

... 


.3.3 
3.2 


115 
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0.100 
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13,6 
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1.42 
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TABLE 1 (cont<d) 







Hoe (^P) 
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FwsCrn^) 




■76 • 
76 
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0.685 
0,71 
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' The propeileV *ef f i ciency i s a^xpre.s.§ed as the .quotient 
of power required for level flight "by "best i/d ('^soc ^ 

— — ^) and the to-'b;e-^.ab sorted engine power (Hq^ = 

^0 hestN ^^ Since a and Wg are subject to the aforemen- 

tion-.ed. 'conditio^nsv "their' 'iinhera^^^^ of error are oh^ 

-v-i*ou:sly .transferred to* ' .also. A certain control check' 
is. afforded .by, direc V/parlcuiation of ^ws/'H from maximum- 
speed and respective engine power, (Reference 11#) 

These ar gument^s^,^r-e t;p;\^,e - illustrated on a two-seat • 
sport, biplane.. Carefully de.t.ermi.ned. and. reduced to .int.er- 
nati'ohal' ' st*a^^ al ti tud.e./. it 'exhibit s the following . 

blisaracVeri sties': 

Hg = 6.05*. kinL'..(Hc = 5.85 km), 

= 5.25.. m/ s, . c . • 

; ' v^g^i^"'*=f'20:5Vk^ • 
%ull 32a. hp:' (climb)., = 

-v-^V-:' . . i hp - (level flight);.;' 

0 _ = 1785 .kg, ' ''■ y . 

.:The.. requisite -engine pow.er in;;"bost" operating atti- 
tude .fqr c.alGulating.../n^0g.t is obtained by estimating; the 
effect of . the r •p.m. ?rpm Figure . 13 . vrith-a temporarily as- 
sumed . a.-.= 2 .at . Ifte^t ^ 333; hp ;; fur.their^ calculation is 
contained in. Table I,-.' The' r ;p«m'. idependence ' of the- eingine 
power - and . through it. i ts . altitude dependence ; were varied 
■so; as : to bring out th$ effectvof these assumptions on the 
evaluations f v . 

As expected, the value of fluctuates consider*^ 

ablywith .the':erigine'power'laW, whereas ■ bj^, "the quantity 
controlling the climb, remains fairly constant* Compari- 
son with" j^g defined directly from level .fli.ght reveals 
the correctness • of the order of -maghitudo and the true val- 
ue probably between i', 42 'and 1.47. • if this comparison, on 
the dther hand',"resui ted'in widely • di spair ate values, it 
would be stiggestive -of uiisati^f act dry* climbing ^ flight ^ 
wrong evaluation of engine power, or some other. error. 
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.p ' " . v': ' - : . ...... 

For a span of 12,6 m, Prandtl ' s biplane factor K with 
"bi = 13,6 m, amounts to * 




The theory would yield K = 0o78; the figure 0,85 
•■■contains, "besides the other induced losses, the presuma- 
^ble increment of. c^p and. c^^ with c^^, which, accord- 
ing tQ; our method, is -counted in with the induced losses. 

Lastly, in accord .with ^section V, '4; .the efficiency 
can "be divided into its elements rifpge and rig, as car-* 

rled out for the values computed in the first line (at 
. u ^ n°*^) . With a propeller disk area of ^•O , we have: 



TABLE II 



^s/^ws 


♦ 

"best 


"Hfree 






4.S5 


0.44 


0,795 


0,86 


0.56- 


Source 


For 
from (I0"b) 


From 
Pig. 11 




Prom (111)) 



.The interference area ratio J'wsV-^ws plausible 
in its amount. OTDviously, it is quite sensitive against 
minor .errors in rjg, so that in this case also any accu- 
rate, determination is contingent upon . the execution of 
different test series, unrelated to one another, and com- 
parison of the results. It was not the aim in .thiLs sec- 
tion to go into details regarding it, hut merely io illus- 
trate the multiple applicahility of our method on an ac- 
tual example, , ■ 

5, Adjustable Blade Propeller and Unsupeircharged Engine. 

This report would not ho complete without including 
the adjustable blade propeller. It is. true, that the 
structural problem has not been sati sfactorily solved as 
yet in spite of many attempts. We still await a perfect^* 
ly reliable, universally applicable. adjustable blade pro- 
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pelle-r, wlaich is- simple to: maintain , of . light weig^^ 
reasona"bl'e' .in price • On the othe.r.. hand, there, has never • 
been, a' tame when urgent demand, did not sooner or later 
hring forth a •S9lutipn. - Experiments relsitiye to the advan- 
tages 'of - such prop.e.ll.e^s may prp:^ide a. stimulus, whereas 
the lack" of space restricts, ou?. discussipn. 'jib a, hrief ex- 
pTanatLon • and a. fe^^ examples... . ' . . 

* ■ -Again we . proceed -from, m.odel. .'t.est s. figure 21 repre- 
sents one. of the latest Ameri.cian test series on an adjust-* 
able blade .propeller • (Reference 14.)' ..The* separate effi- 
ciency ciirves . carry as parame t eg the "angle of setting 'at 
50 per cent tip radius; at 20.4 setting the propeller • ' 
sho'ws a cpnstant; geometric pitch of ..0.7 D. .It is seen 
that "the : radia,lly increasing pitch at Vsirg^ : "t^i^-cLe. ' angl e s 
affects' the Ria^imum; efficiency very lit tie no twithstand*- 
ing the- niarked. variation from .the . thepretipstl course.* 

The essential feature of the.adjustable blade propel- 
ler is the freedom in-the selection of . the r.p.me, ob- 
tained independent .of the coefficient " of ".^advance Cwltli;^ 
in certain- limit s) and-.from the degree^bf throttling. The 
r.p.m. depends on the effective torque This" is. shown 

in'Figufe 22-^ not; as . dependent, va.riab.le but .as. parameter 
of a group of curves whose individual points lie on the 
efficiency carve, 

The .roP-gm, being free,, the calculation .of the." propel- 
ler performance' curve makes necessary, an assumption as' to 
the qourse of th,e .r.p.m. The simplest and at the- same ' 
time, most .fundaixiontal premise. is: constant r.p.m. over 
the entire • speed range. Tor the calculation' we :simply se- 
lect a suitabla- k^, after which the kd,\ curve forth- 
with reveals the power course against the speed, whereby 
kd = constant is obtained by adjusting the. pitch .to con- 
stant r.p.m. Figure 23 shows the gain attainable in climb- 
ing flight, which here amounts to about ^l/S on account of 
the increase in the r.p«m. in accord with the assumed en- 
gine power law (N n^^^); 2/3 are due to the better- 
curve of the r\ values at low X* (Compare figs. 3 and 
21.) But at high speed the adjustable blade type appears 
to be perceptibly inferior. 

'^The propeller has the same maximum efficiency as. afore- 
mentioned series of 'N.AiC.A. Technical E-eport No. 141 .(ref- 
erence 5), Obviously, being a small-biade metal propeller, 
it might come slightly higher under otherwise identical 
conditions. 
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, Of', course, this comparison is not • conclusive . That 
i s at tri Dut able to the definition of "hest operating at- 
titude, which was- temporarily .ret ained. to facilitate a. 
transfer of the power, curve, onto the-.plot. (!Fig# 12.) 
But in re.ality this concept no longer holds true "because, 
of the - fre.edom of the pick^rup in. r.p^m.. ; ..f.br. that reason 
a power comparison is "better .compared to- like power at 
high speed, that is, to a 5-10 per cent super r.p.iu, with 
respect to the systematically def-ined r,p,m. In this 
case the adjustable blade -propeller presents even better 
advantages. Figure 2<5 affords an example for n = 
1,08 n-bestf which i s . equivalent to. the. r,.p,m. of a fixed 
blade propeller in level flight wi,th a ^,4, 

For engines- with constant torque (H ^^.n),. the ad- 
justable" blade propeller appears to be even more advan-- . 
tageous, because here the decrease in r.p.m, of fixed 
blade propellers is greater and its effect on the engine 
power, in addition, more sensitive. Referring to Figures 
8 and 23, it -may be stated that the gain in .thrust horse- 
power during climb, attainable on these premises., exceeds 
25 per .cent- under certain circumst vances ; this means an 
increase in rate of climb of at least 30 per .cent. 

7g* Adjustable Bladev-Propeller and .Supercharged- Engine 

Here is where the gain promises to be greatest. 
Whereas, with the fixed blade propeller the r,p.m. in 
climbing flight increases with p""i/2^ so that a-propel- 
ler correctly dimensioned for the operating altitude sup- 
plies o.nly a fraction of the full r.p.m, of the engine at 
ground level,*- here the r.p.m, can be kept .constant, ir- 
respective of the flight altitude, thus assuring the use 
of the full engine power at any altitude,. 

The assumption n = constant, according to (2) leads 
to the .condition 

kd l/P (21) 
Besides, X- v, , hence, 

X P--'^/^ (22) 



*It aiso-^enotes an extremely unfavorable working condi- 
tion fdr .'the' engine, ' ' 
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rTiius, given the" total k^: - range of aai adjii.s tab! ^ 
"blade propeller from model experiments (fig- -"22)/ onV can 
according to (21) and (22) define the \- for each altitude 
stage and. the respective * kg; and plot them into the (X,r\) 
diagram. PLgure' 24- . shows the* coefficients of advance 'and" 
the"6fficienc'.ieg"with altitude for our .example vrith. a^ 
critical altitude of 12 km..' At low- altitude .the propeller 
obviously; does not operate in" its. best .range.;- the. operat- 
ing curve however , approaches .the* enveloping, curve more :* 
and more -as -the altitude ih'cre'asers • In. accordance with , 
that the propeller performance curve in ?igure 25. is in- ;- 
comparably more favorable than the fixed blade propeller. 
The- gain in rate of climb at low -altitude is very consid- 
erable* In our example, which represen:t:S' average condi-.-' 
tions, it amounts to 140 per cent. The time- of climb to 
critical altitude' is low-ere/i iby. 45 per. cent!'. . : . •: 

• Ther'e 'kre. two -other "advantages of the adjustable' 
blade propeller, namely, the possibility of markedly im- 
proving the angle of glide by adjusting the blades to the 
dire'ctioh of- the wind ; ■ conv.erseiy , 1 1. can be'r considera- 
bly lowered for landitt'^g: and taxyiri'g in restricted space-, 
by. resetting to negative blade angle -and. :fo,r. negative • 
thrust ♦ The engine, which otherwise represents only dead 
weight at lahdihg," " thu-s beCJomesyan e>xtrefttelj}r eff ectrive 
means of • d^celer-ati-on.- ' ' ' • ' - 



VII. suMMiVay 

• • ' ".The present report .treats of ., the development of gen- 
eral propeller performance »and r .p.m. curves .which, com- " 
bine'd with* the geriei'al curve .of the power required for : " 
level flight, present s • a complete pictxire of the. perform- 
ance. It should prove very convenient for answering many 
difficult problems of the -airplane* designer ^' quickly and 
legibly; ' . ' • - •* /v - ■ ' ^ . / / ; ^^ '-.^ • 

V • It is in' the nature' ef such- discoveries' iiot -to bo'/ap- 
plicable'to all "imagiaable cases. .Thus, :as our curve of 
the power required for level flight is only an approxiaet- 
tion for constant profile drag coefficient, hence not 
rf orthwith suitable "to .unconventic>nal wing' sections j so the 
propeller performance curve must.-stlsd be handl6d with a " 
certain -cauttan/ in' ica^es of .propellfer s of- abnor'^al blade 
forms or pitch ratio s-^-'^'F-Or ' checking, the . p^'rfoi*mahc 
already designed airplanes the methodical way nay occa- 
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sionally yield more accurate results in so far as the aero- 
dynamic and- engine data/are sufficiently re.liahl^.. 

. ^ But in a^iy. other case, particularly for project or ' 
design purposes or for evaluation of : air craft", the method 
propounded here will prove perfectly •accurate.' More.over>. . 
•feoA: .much refinement serves no useful purpose. Its inpor--: 
tance lies in making separate calculations superfluous' 
and. supplying, .the de sign engineer a survey on" what may- be. 
bhtain-ed, .gji-d, which .he cannot obtain, as .quickly in any 
otheT . way-, . ..... 'v 



The salient features and conclusi^ons ar.e. briefly re- 
peat edy as follows: ' " ♦ 

1. The increase in r". p.m. is of secondary * importance 
in flight performance calculations.. Nevertheless, there 
are perceptible differences according to the character of 
the engine power curve.. 

• 2. The increase, in r.p.m.. at maximum speed predomi- 
nates the -selection of the prop^eller , so far as it does- 
not concern purely "starting" and "climbing" propellers.. 

•3-15. On a 'fthrottle parabola!' coefficient of advance, 
and efficiency are' const ant j "tlius the r,.p^..m. proportion- 
ate to the flight speed. The thrust h'ors.eprower curves 
are built up on the throttle parabolas. 

4^ The "best" operating point of the "compromise 
propeller" shall coincide in level flight with the point 
for best l/d^ Then the "best" throttle parabola passes 
through the point of best l/D. On this lie the "best" 
operating- points of* the* thrust horsepower -curves ; they 
are , the backbone of the whole system of curves, 

5. . The "best'^ , efficiency- df the. free propeller is. 
entirely dependent upon the ratio of the driving . areas . 
and (subordinately) the ratio of the interference areas. 
These two quantities .likewise define the effective interr 
ference* Weight, spian, engine power and speed are igr- " 
nored-i ; " 

6i The excess pow.er is measiired on the "best" throt- 
tle parabola and expressed in excess pqwet' f act or . It 
governs all flight performances. Simple approximation 
formulas, facilitate design and check... * . " 
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7, The path veloci t.y,.. f pT...i*-a.st est climb increases 
with the excess power; under ' or'"di nary conditions it ranges 
at or above the best gliding speed. 

".5, Improveme.n.t; i-h .aerodyna^^ quality (expressed by 
^min^ by" constant exce ss"p'ower impair is angle arid rate of 
climb^ This applies, in particular, to starting, 

• ■ 9-^-: .'The. greatei:. th^ excess factor the smaller the 
loss in:: .•spB.ed. during "pr.ui sing by prescribed throttle set- 
ting, 

10m " In the unsupercharged engines, the excess power 
determines the celling* ' The effect of the altitude per-' 
forme.nce law decreases (by carburetion control) and its 
significance' is confined to .high /ceiling. 

l.lv .' 'The drop in r.p.m, in the climbing flight with an 
unsupercharged engine i.s a measure of the lag of the ef- 
fective power behind the (theoretical) indicated power. 
I'ts ef f ect :.can be expressed by rectilinear law as a re- 
duction' of from 2-5. :per cent in 'mechanical efficiency, de- 
pending, upon the character of the . engine-power curve. 

12. ■ The adjustable blade propeller presents a per- 
•ceptible gain in- climbing .power for. unsupercharged en- 
gine s,, /and di.st.inc.t .superiority in climbing for super- 
charged engines, 

TrS-nslation by J, Vanier, 
national Advi sory • Commit tee 
for Aeronautics. . ' 
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Fig. 3 Efficiency plotted against 
propulsive efficiency, ta- 
ken from H.A.C.A.Report No. 141, 
propeller family having like con- 
toui^ "but different pitch. 



8 — 



.7 



•!4 



i J 




P^113 










3 




/Til 






/ i 






1 
i 
1 
1 







.8 



1.0 1.2 



Fig. 4 Efficiency against 

power coefficient 
(series of Fig. 3) 



r 



N.A.C.A. TeCiinical Momoraadvan ¥.0. 555 



?igs. 5,5,J,8 



o\\ T\ a=27.0 

t '1 ; \ b=17.5 

''AtX c=17.0 

::-\J|4^f d=24.0 
e= 8.0 

, f---34.5 

K.iL^ L g= 2.5 

>..4)»-'C4:i-^ 11=39.0 

1 i=40.0 

j j=57.5 

I k=28.5 



i 



11" 



1.0 

H .8 
^est 
.6 

.4 

.2 



1 








+ 1 


^. 






/: 












y 












/ 

/ 
















-'^^ — 1 
/ 

/ 

/ 














.2 


.4 .6 .8 


1. 


0 1 


.2 1. 



Fig. 6 Mean efficiency curve 




^ Developed 
contour 



1.4 
1.2 



IK— 75 — 



_d 1.0 

^d test 
.8 

.6. 







1 




i 






y ^ 

0 










X ? 

0 3 








\ 


~ X 




A 82 
+ 11 


3 








i \ 



.2 .4 .6 .8 1.0 1.2 1.4 

X/'*'l5est 

Fig. 7 Mean effective torque, the 1,114 
points are readings from Rvi)/ 

1.2, 



"best 



Fig. 5 Plan form 

of propeller 
series of Figs. 3,4. 




^ 1.0 \ i 



.8 1.0 1.2 1.4 



best 



Fig. 8 Mean ciorves of propeller effi- 
ciency and r.p.m. 



N.A.C.A. Technical Memorandum No. 665 



Figs. 9,10,11 
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Fig. 13 Rate of climt plotted against speed of flight. 
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Fig.l4 Maxinium rate of climh against excess power. 
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Figs. 15. 16, 17 
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Jig. 15 Maximum angle of climb against excess power. 
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Pig. 16 Maximum level flight against excess power. 
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?ig.l7 Ceiling against excess power. 
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Fig. 18 Nomograph for hest l/d, corresponding speed and 

power required for level flight. Read with celluloid sheet 

having a rectangular system of lines. 



N.A.C.A. Technical Memorandum No. 665 



Figs.19,20,21 
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Pig. 19 Cruising speed plotted against excess factor. The smaller the 
excess factor ce t?ie more the cruising speed Vj. lags behind the maximum 
speed for a given throttle settinf; UT./Nfijii. 



1.0 



n 



0.8 



jj 0.6 



0.4 



0.2 



0 



N = cc 


>nstant 


i 


- 


/ 














// 


... 


















N = 


' const 


1 ^ ... 


p.-.5~- 


- 












'•■-IT-^n 






..__„y 

i 
i 














1 








0L2 0.4 0.6 0.8 1. 

Ik— % = 0.80 . 

k 0.82 

^ 0.85 



Fig. 20 Drop in r.p.m. with altitude and its effect on the drop in 
power. 
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Fig. 21 Efficiency c\irve of an adjustable blade propeller accord- 
ing to N.A.C.A. Technical Note No. 333. 
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Pigs. 22,23 
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Pig. 22 Effective torque cury^es for the same 

ad^Tistatle "blade propeller. This represen- 
tation eliminates the measured propeller settings 
and permits calculation of the r.p.m. conditions. 
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Fig. 23 Performance and r.p.m. of adjustable blade 
propeller compared to fixed blade propeller, 
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Pig. 24 Efficiencies during climb with constant 
pov/er and r.p.m. By constant power and 
r.p.m. the effective torque is converse to the 
air density. 
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Fig. 25 (Jain in rate of climt with adjustable blade 
propeller, 45 per cent for a= 1 at critical 

altitude. 



